The characteristics of a large-size internal-type inductively coupled plasma (ICP) source having a \double-comb-type" antenna have been investigated for the processing of a large-area at-panel display substrate having a size of 2,300 mm ¢ 2,000 mm, and its characteristics were compared with those for an ICP source having a \serpentine-type" antenna. The ICP source with the \double-comb-type" antenna showed a lower impedance, a higher plasma uniformity, and a higher plasma density compared to the ICP source with the \serpentine-type" antenna. The measured plasma density and uniformity of the ICP source with the \double-comb-type" antenna were higher than 8.5 ¢ 10 10 /cm 3 and lower than 14 %, respectively, at a 10 kW rf power and 15 mTorr of Ar. The etch uniformity of the photoresist within the substrate was about 12.5 % at a 8 kW rf power and 15 mTorr Ar/O2 (7 : 3).
I. INTRODUCTION
Even though at panel displays (FPDs) are currently being successfully applied to various display applications such as TVs, PC monitors, cell phones, game machines, etc., for application to next-generation displays, the FPDs fabricated with lower price, lower weight, higher denition, and lower temperature processing are required. If display devices are to be fabricated at a lower price, larger substrate size is essential, and if they are to be fabricated with a higher throughput or at a lower temperature with the substrate having a lower weight such as plastic substrates, a high-density plasma source may have to be applied if a uniform plasma on a large-area substrate can be obtained.
Currently, for applications to FPDs, a low-density plasma source, such as capacitively coupled plasma (CCP), is used due to the easier physics of the plasma and ease in obtaining a uniform plasma over the large area substrate even though high-density plasmas are preferred due to the high production rate, etc. However, as the substrate area is increased further and further, maintaining the uniformity is found to be dicult due to the advent of standing wave eects during the operation of the CCP using an rf power [1{3] . For the processing of FPDs with large-area substrates, some high-density plasma sources have been found to be applicable by distributing the source power or antennas over the substrate £ E-mail: jungiun@skku.edu; Fax: +82-31-299-6562 area, and among those high-density plasma sources, inductively coupled plasma (ICP) sources have been most widely investigated due to their easier scalability to a large area [4, 5] .
Even though the ICP sources can be more easily extended to large-area plasma sources, they also show problems in extending to extremely large size, especially when a conventional external spiral-type planar ICP source is used, due to their large impedance, large antenna size, cost, and thickness of the dielectric material required to transmit the electromagnetic eld to the plasma. In addition, the increase in the physical separation between the antenna and the plasma due to the increase in the thickness of the dielectric material decreases the mutual inductance and tends to have a low power eciency [6, 7] .
Many researchers have studied ICP sources using internal-type antenna for large-area plasma processing to remove the problem related to the dielectric material for the transmission of electromagnetic eld. However, even with the internal-type ICP source, with increasing processing area, the length of the increased antenna becomes comparable to the rf wavelength and standing wave eects what cause a non-uniform power distribution, make the unstable electrical properties of the antenna [8, 9] . In this article, internal-type ICP sources with two dierent antenna lengths, \double-comb-type" and \serpentine-type" antennas [8, 10] , were used, and their antenna characteristics and plasma characteristic were compared to investigate their possible use in appli- cations to extremely large-area FPD processing having a substrate size of 2,300 mm ¢ 2,000 mm. Figure 1 shows the schematics of the ICP sources used in this experiment to compare the two dierent types, double-comb-type antenna and serpentine-type antenna.
II. EXPERIMENTS AND DISCUSSION
The size of the processing chamber was 2,750 mm ¢ 2,350 mm, and the size of the substrate was 2,300 mm ¢ 2,000 mm. In the case of the serpentine-type antenna, eight linear antennas inserted inside the vacuum chamber were connected in series at the outside of the chamber as shown in Figure 1(a) . However, in the case of the double-comb-type antenna, for the eight internal linear antennas, one end of each of the eight antennas was alternatively connected to a 10 kW, 13.56 Mhz rf generator through a L-type matching network while the other end of each of the eight antennas was connected to ground, as shown in Figure 1 (b).
To observe the electrical characteristics of the internal antennas, were installed an rf plasma impedance analyzer (V-I probe, MKS Instrument, Inc.) between the matching network and the internal antenna, and we measured the root-mean-square (rms) current and impedance. The rf rms voltage distributions of the serpentine-type antenna and the double-comb-type antenna along the chamber side line were measured using a high voltage probe (Tektoronix, P6015). The plasma densities of the internal-type ICP sources were measured using a Langmuir probe (ESP, Hiden Analytical, inc). The plasma uniformities of the ICP sources were investigated using a homemade movable electrostatic probe system consisting of 12 tips located above the substrate. The probe system, biased at {65 V, was scanned along the substrate plane to measure the distribution of the two-dimensional ion saturation current above the substrate area to estimate the plasma uniformity of the ICP sources. Finally, using a gas mixture of Ar/O 2 (Ar : O 2 = 7 : 3) at 15 mTorr, we etched a glass substrate covered with a photoresist, and we measured its etch depth by using a step prolometer (Alpha Step 500) to estimate the etch uniformity. Figure 2 shows the rms voltage measured using a high voltage probe as a function of the antenna position along the antenna line for the serpentine-type antenna (a) and the double-comb-type antenna (b). The measured locations along the antenna line are also shown in the gure. For the operation of the sources, 6 kW of rf power was used for the double-comb-type antenna while 4.5 kW of rf power was used for the serpentine-type antenna due to the instability of the plasma with increasing rf power for the serpentine-type antenna. As the operating pressure, 15 mTorr Ar was used for both cases. As the gure shown, the rms voltage measured along the antenna line for the serpentine-type antenna varied signicantly from 240 to 490 Volts along the antenna line while the voltage for the double-comb-type antenna remained similar between 600 and 660 Volts. The signicant variation of the rms voltage observed for the serpentine-type antenna is believed to be from the long length (23 meter) of the antenna line corresponding to one wavelength at 13.56 MHz; therefore, due to the standing wave eect, a non- uniform plasma was generated in the system, and the instability of the plasma caused arcing. However, in the case of double-comb-type antenna, due to the short antenna length of about 3 meter, no signicant variation of antenna voltage was observed along the antenna line because of no signicant standing wave eect; therefore, a stable and more uniform plasma could be observed [8, 10] . Figure 3 shows the rf rms (a) voltage and (b) current of the double-comb-type antenna and the serpentinetype antenna measured as functions of the rf power at 15 mTorr Ar by using a high-voltage probe and an impedance analyzer, respectively. As Figure 3(a) shown, the increase in the rf power increased the antenna voltage for both antennas. In the case of the serpentine-type antenna, the antenna voltage increased from 90 V to 520 V with increasing of rf power from 100 W to 4.5 kW while the double-comb-type antenna showed about 230 V when the rf power was increased to 9 kW, which is close to the voltage obtained at 1.8 kW for the serpentine-type antenna. Therefore, a signicantly lower voltage could be obtained for the double-comb-type antenna. The high rms voltage induced on the antenna increases the elec- trostatic coupling between the antenna and the plasma, and the increase in the electrostatic coupling increases the erosion of the quartz tubing enclosing the antenna and increases possible contamination during the processing [11] . Therefore, by using the double-comb-type antenna, which shows a lower rf rms voltage, we can achieve a lower quartz erosion and less contamination. In the case of the rf rms current, as Figure 3(b) shown, the increase in the rf power increased the rf current for both cases even though the rf current was saturated at about 2 kW for the serpentine-type antenna and at about 4 kW for the double-comb-type antenna. An increase in the rf power to 3 kW resulted in a rf rms current of about 20 A for the double-comb-type antenna and of about 10 A for the serpentine-type antenna. Therefore, the double-comb-type antenna showed a higher rms current compared to the serpentine-type antenna at a given rf power. The higher current and lower voltage shown for the double-comb-type antenna at a given rf power increase the inductive coupling and decrease the capacitive coupling to the plasma compared to the serpentine-type antenna.
The higher current and the lower voltage obtained for the double-comb-type antenna also show lower impedance. Figure 4 shows the impedance measured as a function of rf power for the double comb-type antenna and the serpentine-type antenna at 15 mTorr Ar by using an impedance analyzer. As the gure shown, the serpentine-type antenna had an antenna impedance in the range from 30 to 50 Ohms while the double combtype antenna had an impedance in the range from 10 to 20 Ohms. Therefore, the serpentine-type antenna showed a higher impedance compared to the doublecomb-type antenna. In general, a high plasma impedance of a plasma system causes an inecient and unstable plasma operation and tends to decrease the power transfer eciency. Especially, for an the extremely-large-area plasma source, the plasma system tends to show a high impedance due to the extremely large antenna size and, in this case, the selection of an antenna with a lower impedance is very important [12{14]. When the power transfer eciency was calculated after the consideration of the Joule loss on the antenna itself at the condition of a 4.5 kW rf power and 15 mTorr Ar, the serpentine-type antenna showed a power transfer eciency of about 69 % while the double comb-type antenna showed a power transfer eciency of 87 % [6, 15] . Therefore, the doublecomb-type antenna showed higher power transfer eciency compared to the serpentine-type antenna. (not shown) Figure 5 shows the plasma density measured using a Langmuir probe as a function of rf power at 15 mTorr Ar for the double-comb-type antenna and the serpentinetype antenna. As the gure shown, the increase in the rf power increased the plasma density almost linearly for both antennas. An increase in the rf power to 4.5 kW increased the plasma density to about 2 ¢ 10 10 /cm 3 for the serpentine-type antenna and to 5.5 ¢ 10 10 /cm 3 for the double-comb-type antenna while an increase in the rf power further to 10 kW for the double-comb-type antenna showed a plasma density of about 8.6 ¢ 10 10 /cm 3 .
Even though, it is dicult to say that a high-density plasma can be obtained for the serpentine-type antenna, it is believed that, by increasing the rf power further, a high-density plasma can be obtained for the doublecomb-type antenna because the power density per unit area of the plasma source is still as low as 1/3 compared to conventional ICP sources. The low rf rms voltage, high rf rms current, and low impedance shown for the double-comb-type antenna also support the possibility of obtaining a high plasma density through the ecient inductive coupling.
In the case of a large-area plasma source, it is extremely important to have a uniform plasma over the substrate surface. Figure 6 shows the ion saturation cur- Fig. 6 . Uniformity of the ion saturation current of the serpentine-type antenna and the double-comb-type antenna over a substrate area of 2,300 mm ¢ 2,000 mm measured by using a movable electrostatic probe having 12 tips biased at {65 V for 15 mTorr of Ar and the rf power of 4.5 kW.
rent over a substrate area of 2000 mm ¢ 2300 mm measured using a homemade movable electrostatic probe biased at {65 V and having 12 tips under the condition of 15 mTorr Ar and 4.5 kW rf power for (a) the serpentinetype antenna and for (b) the double comb-type antenna as estimates of the uniformity of the plasma density over the substrate area. For the serpentine-type antenna, as Figure 6 (a) shown, the ion saturation current was measured to be in the range from 0.075 mA to 0.2 mA over the substrate area, so the uniformity of the plasma was estimated to be 35 %. However, for the double-combtype antenna, as Figure 6 (b) shown, the current measured was in the range from 0.205 mA to 0.305 mA, and a uniformity of about 14 % could be obtained; therefore, a more uniform plasma over a large-area substrate area could be obtained for the double-comb-type antenna. The etch uniformity was also estimated by etching a photoresist covering a glass substrate with 15 mTorr Ar/O 2 and at a 4.5 kW rf power for the serpentine-type antenna and at an 8 kW rf power for the double-comb-type antenna. The result showed about a 30 % etch uniformity for the serpentine-type antenna and about 12.5 % etch uniformity for the double-comb-type antenna, similar to the trend of the ion saturation current uniformity measured in Figure 6 (not shown).
III. CONCLUSION
The electrical characteristics of the antenna and the plasma characteristics were investigated for the serpentine-type antenna and the double comb-type antenna for possible applications to an internal linear-type ICP source for the processing of a large-area at panel display substrate having a size of 2,300 mm ¢ 2,000 mm.
With the double comb-type antenna, a plasma density of about 8.6 ¢ 10 10 /cm 3 could be obtained at a 10 kW rf power and 15 mTorr Ar. The double-comb-type antenna showed a lower rf rms voltage, a higher rf rms current, and a lower impedance at a given rf power compared to the serpentine-type antenna; therefore, the double-combtype antenna showed a higher power transfer eciency close to ecient inductive coupling to the plasma. In addition, due to the lack of the standing wave eect, the variation of rf rms voltage of the antenna along the antenna line was small, and not only a stable plasma but also a uniform plasma of about 14 % over the substrate area could be obtained for the double-comb-type antenna. The etch uniformity estimated by etching a photoresist with Ar/O 2 (Ar : O 2 = 7 : 3) at 15 mTorr and an 8 kW rf power was about 12.5 % for the doublecomb-type antenna. Therefore, by using a double combtype antenna, we believe that a uniform and stable highdensity plasma applicable to FPD processing at a substrate size of 2,300 mm ¢ 2,000 mm, can be obtained.
